Objective: Acromegaly is characterized by a persistent hypersecretion of GH and provides information on long-term effects of GH on bone metabolism. The aim of this study was to examine the effect of gonadal status and disease activity on bone metabolism in active acromegaly. Methods: Seventy-three consecutive patients with active acromegaly: 40 women and 33 men (50G13 (meanGS.D.) and 49G10 years respectively) were evaluated and compared with age-, sex-, and body mass index (BMI)-matched controls by X-ray absorptiometry and biochemical analysis (markers of disease activity and bone turnover). Results: We found that bone turnover, as evaluated by biochemical bone markers, is coupled and markedly increased in relation to disease activity in active acromegaly. Acromegalic women, but not men, were characterized by an increased bone area and slightly decreased bone mineral content resulting in significantly decreased bone mineral density (BMD) in the ultradistal radius, proximal radius, and total body. No differences in bone turnover or BMD were found between eu-and hypogonadal subjects. Multivariate analysis identified age, BMI, and gender as independent predictors of total BMD in acromegaly. Conclusion: Our study demonstrates a decreased total body BMD in women, not men, with active acromegaly, regardless of gonadal status or disease activity. Bone turnover is markedly increased in relation to disease activity, possibly counteracting the anabolic effects of excess GH/IGF-I in these subjects. We suggest more focus on biomechanical analyses when investigating endocrine disorders affecting bone size and distribution between compartments.
Introduction
Acromegaly serves as a model of hypersomatotropism, where the effects of chronic systemic growth hormone (GH) and insulin-like growth factor-I (IGF-I) excess on skeletal metabolism in adults can be studied. Bone turnover is increased, suggesting activation of both osteoblasts and osteoclasts in active acromegaly (1) (2) (3) (4) (5) (6) (7) . Moreover, biochemical markers of bone formation and bone resorption correlate with circulating GH and IGF-I levels suggesting that GH and liver-derived IGF-I may have direct effects on both cell types in modulating turnover (1, 2, 8, 9) . However, in recent years the importance of liver-derived IGF-I has been questioned, in particular in relation to effects on bone metabolism (10, 11) . While many studies describe increased cortical bone mass in acromegaly, data regarding trabecular bone are conflicting. In fact, acromegaly was traditionally associated with osteoporosis (12) (13) (14) . Later studies have revealed a differential effect of GH excess on the axial (70% trabecular bone) and appendicular skeleton (90% cortical bone) with unchanged or reduced vertebral bone density and increased forearm bone density (1, 3, (13) (14) (15) (16) (17) , while some studies show no differences in acromegalic patients compared with normal controls (4, 18, 19) . However, measurement of bone mineral density (BMD) in the axial skeleton, as an indicator of trabecular bone mass, may be overestimated in endocrine disorders affecting bone size and the distribution between trabecular and cortical envelopes. Accordingly, we recently found reduced trabecular biomechanical competence in subjects with active acromegaly (20) . Still, only few studies have reported increased fracture frequency in these patients, possibly due to protective effects of increased bone size and cortical mass. However, a recent study demonstrated a high prevalence of vertebral fractures in postmenopausal women with acromegaly in relation to disease activity (21) . Thus, gonadal status has been proposed to be an important determinant of excess GH (7, 13, 15, 17) , and it is possible that trabecular bone, with its more intimate contact with the circulation, is influenced by sex steroids to a greater extent.
To elucidate further the effect of gonadal status and disease activity on bone metabolism in active acromegaly, we have evaluated the gonadal function and disease activity of 73 consecutive patients with active acromegaly using stringent clinical and biochemical parameters and related these to bone mass by osteodensitometry and biochemical markers of bone turnover.
Subjects and methods

Subjects
Seventy-three patients with active acromegaly were included in this cross-sectional study. All patients were examined at the Section of Endocrinology, Rikshospitalet University Hospital, in the period 1996-2005. At the time of evaluation, 69 patients were diagnosed recently. The remaining four patients had previously undergone a transsphenoidal adenomectomy with postoperatively persistent activity of the disease for several years. None had received radiation therapy or somatostatin analog treatment. Acromegaly was diagnosed by elevated serum IGF-1 compared with the normal reference range of their age and failure of suppression of GH below 5 mU/l after a 75 g oral glucose load. In all patients, a pituitary adenoma was visualized on magnetic resonance imaging scan. A group of 40 healthy subjects (colleagues, friends, and family) matched by age, sex, and body mass index (BMI) was used as controls. Gonadal status was categorized in patients using the following criteria: Men were considered eugonadal if serum total testosterone O 12 nmol/l, or if s-testosterone was 7.5-12 nmol/l, but the calculated free testosterone O0.225 nmol/l and calculated bioavailable testosterone O5.3 nmol/l (22) (23) (24) . Women were considered hypogonadal if they had oligo-or amenorrhea for 6 months. An estimate of duration of hypogonadism was obtained in 16 out of the 19 hypogonadal women. Women treated with estrogens and men treated with testosterone were considered eugonadal. Details on gonadal status in patients and controls are given in Table 1 . The duration of acromegaly (nZ55) was estimated to be (mean and range) 8 years (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The study was approved by the local ethical committee and conducted according to the Declaration of Helsinki II. Informed consent was obtained from patients and controls.
Osteodensitometric measurements
Bone mineral content (BMC; g), bone area (cm 2 ), and BMD (g/cm 2 ) of the total body were measured using dual-energy X-ray absorptiometry (DXA), (Lunar DPX-L, software version 4.6c, Lunar Corporation, Madison, WI, USA), (25) . In addition to total body with the subregions arms, legs, and trunk, osteodensitometric measurements were performed in the lumbar spine, femoral neck, and forearm. BMD Z-scores are given with reference to normative data provided from the manufacturer. In 11 out of the 69 de novo patients, the DXA scan was performed postoperatively within 3 months.
Biochemical measurements
Blood samples were drawn after an overnight fast, serum isolated, and stored at K80 8C until analyzed. Serum IGF-1 was measured by RIA in all subjects (for diagnosis purposes) and GH was measured after an overnight fast by immunoassay (detection limit 0.3 mU/l). Over the years different methods were used; however, at every change of method, cross-calibration was performed and, if necessary, factorial adjustments performed. In addition, in all patients, additional three to seven blood samples for measurement of GH were drawn during daytime (0800-1500 h) for calculation of mean GH level. The following analyses were performed, each in one run, if possible in order to minimize run-to-run variability: serum IGFBP3 was measured by RIA (Nichols Institute, Nijmegen, The Netherlands), the bone formation marker osteocalcin was measured by IRMA, (Incstar Corporation, Stillwater, MI, USA), and degradation products of the C-terminal telopeptides of type I collagen (CTX-1) were measured in serum by ELISA (Serum Crosslaps, Nordic Bioscience Diagnostics A/S, Herlev, Denmark). Serum IGF-1 was also measured in one run (RIA, Nichols Institute, Nijmegen, The Netherlands), and compared with previous values, giving a correlation coefficient of 0.86 (P!0.001). In patients without serum available, the previous measurement with the same assay used for diagnosis purposes was used. Intra-and interassay coefficients of variation (CVs) were !10% for all assays.
Statistics
Differences between groups were analyzed with the Mann-Whitney rank sum test. Relationships between variables were tested by Spearman correlation analysis. Differences in proportions were analyzed using Chisquared test. To determine the independent predictors of bone mass, we used simple linear (bivariate) regression analysis. A subsequent multiple linear regression analysis was performed with stepwise addition of the variables that had P values !0.1 in our a priori analysis and upon bivariate regression. P values are two-sided and considered significant when !0.05.
Results
Disease activity
Characteristics of the study population are given in Table 1 showing markedly higher GH, IGF-I, and IGFBP-3 in acromegalic patients compared with controls. Due to the diurnal variation in GH, multiple sampling has been suggested as the best marker of disease severity and GH activity in acromegaly. Therefore, we correlated fasting (08:00 value) GH and different expressions of GH day curve including highest (rZ0.96), lowest (rZ0.95), and mean GH (rZ0.97). Since there is a strong correlation between the mean value of the day curve and fasting GH, we used fasting GH throughout the calculations, because other biochemical parameters were obtained at the same time. Regardless of GH value used, similar results were obtained using fasting or average GH in multivariate analysis. No gender differences were observed in acromegalic patients for IGF-1 or GH (data not shown). Gonadal status had no influence on GH or IGF-1 when investigating the total patient population, or when subdivided according to gender (data not shown). Eleven subjects (five women) had prolactin above upper limit of normal, and six out of them (two women) were hypogonadal. Two patients had hypothyroidism and none had manifest hypocortisolism, assessed by fasting morning blood sampling. Excluding the two patients with hypothyroidism had no impacts on the results (below).
Bone turnover
Bone turnover as estimated by biochemical bone markers was markedly increased in acromegaly patients ( Fig. 1 ) with a trend toward a higher turnover in men compared with women for osteocalcin (14.9G1.7 vs 10.9G1.3 ng/ ml, PZ0.094) and CTX-1 (1.23G0.15 vs 0.86G 0.10 ng/ml, PZ0.058). Again, gonadal status had no influence on turnover parameters. Furthermore, osteocalcin and CTX-1 were positively correlated in patients (and controls; Fig. 1 ) suggesting that bone turnover is synchronized (coupling). This correlation was present in both genders (data not shown). The multivariate analysis identified age (explaining 22.7%), GH (14.8%), and IGF-I (6.7%) as independent predictors of CTX-I, while age (31.0%) and IGF-I (7.6%) were independent determinants of osteocalcin (Table 2 ).
Bone mass
No differences were found when comparing BMC in acromegalic patients and controls, while bone area in the femoral neck and ultradistal and proximal radius was increased in the patients (Table 3 ). Total body BMD was reduced in patients due to unchanged BMC and insignificantly increased bone area (Fig. 2 , Table 3 ). This was mainly due to the influence of the extremities on total BMD (data not shown). In particular, acromegalic women were characterized by an increased bone area and slightly decreased BMC resulting in significantly decreased BMD (Table 3) and T-/Z-scores (Table 4 ) in the ultradistal radius, proximal radius, and total body. No significant differences were found for acromegalic men, except a higher BMC and bone area in the proximal radius. According to WHO guidelines for diagnosis of osteopenia and osteoporosis, the numbers were 18 and 4% respectively in acromegalic patients.
Using duration of acromegaly either as a continuous variable or after dichotomizing, we found a negative association between duration and total Z-score BMD (PZ0.021, when comparing patients with a duration of more or less than 10 years). However, we have not included it in the regression model (see below) because of the imprecise nature of the estimates and we were unable to obtain an estimate in 18 points.
Bone mass in relation to gonadal status
When investigating bone mass in relation to gonadal status, we compared Z-scores between eu-and hypogonadal patients, since the hypogonadal group was older and age may account for the observed differences. We found no significant differences in bone mass at any site in relation to gonadal status, although hypogonadal patients generally showed lower scores (Fig. 3 ). Looking at women separately, excluding hypogonadal women (both controls and patients) did not change the results (i.e. a similar pattern was observed as described above, Table 4 ). No significant differences were observed when comparing Z-scores between female hypogonadal controls and patients separately, although similar differences as those described for the whole female population were observed. Thus, gonadal status did not significantly influence the results in our study; however, as for the comparison between hypogondal female patients and controls, caution is needed since the controls were not matched with regard to gonadal status originally. No correlation was found between duration of the untreated hypogonadism and total BMD (rZK0.18), T-score (rZK0.14), or Z-score (rZ0.23); however, a correlation between duration hypogonadism and patient age was present (rZ0.85, P!0.001). No significant difference in BMD was found between the postmenopausal women and the women with hypogonadism due to the pituitary tumor (data not shown); however, these groups varied in size and were not optimal for making these comparisons. 
Multivariate analysis
The multivariate analysis identified age (explaining 38.9%), BMI (9.0%), and gender (3.6%) as independent predictors of total BMD in acromegaly, while IGF-I (30.0%) was the only independent determinant of total BMD in controls (Table 5 ).
Discussion
The markedly enhanced bone turnover found in patients with active acromegaly in this study is in accordance with previous studies using biochemical markers, calcium kinetics, and histomorphometry (1-7). Furthermore, biochemical markers of bone formation and bone resorption correlated well with circulating GH and IGF-I levels. Thus, GH and liverderived IGF-I may have direct effects on both cell types in modulating bone turnover (1, 8, 9, 26, 27) . However, our regression analyses identified GH and IGF-I as independent predictors of bone resorption, while only IGF-I predicted bone formation. Accordingly, in vitro experiments on human bone cells show that both GH and IGF-I stimulate osteoclastic bone resorption through direct and indirect actions on osteoclast formation, differentiation, and activity (28) (29) (30) (31) . However, while GH and IGF-I may regulate osteoblast proliferation, IGF-I alone has important effects on the differentiated osteoblast and many of the effects of GH are via endogenously produced IGFs (32) . We have previously shown that acromegalic patients have elevated cortical, but not trabecular bone matrix protein levels of IGFs-I and II and IGFBP5, substantiating that the actions of GH are partly mediated by local production of IGFs secondary to increased circulating GH and/or IGF-I, and that these effects differ dependent on bone compartment studied (20, 33) . As demonstrated previously, we found no effect of gender or gonadal status on bone turnover markers in the acromegalic group. Future studies investigating the impact of changes in disease activity GH/IGF-I on bone turnover during longitudinal follow-up would provide additional valuable information on these relationships. Inconsistent data exist regarding bone mass and BMD in acromegaly, possibly due to comparison of different skeletal sites, disease activity, sex, gonadal status, and often a limited number of patients. The strength of the present study is the large sample size of wellcharacterized patients with regard to gonadal status and disease activity. Furthermore, we used multiple linear regression to estimate the impact of gonadal status and disease activity on bone mass. We found no significant differences in BMD at any site compared with Table 4 T-and Z-scores in acromegaly and matched controls. Data are given as meanGS.D.
Total group
Women Men matched controls, except total body BMD in acromegalic women due to low BMC and increased bone area in peripheral sites. This may be explained by increased periosteal apposition and increased bone remodeling space induced by excess GH. A relative increase in bone turnover and cortical bone mass may counteract the anabolic effect of GH and further account for the lack of a direct relationship between serum GH/IGF-I and bone mass or BMD in our patients. Although no association between serum osteocalcin or CTX-1 and BMD was demonstrated, this does not exclude a relationship. Previous studies show poor correlation between biochemical markers of bone turnover and bone remodeling at the tissue level as given by histomorphometry (5) . In contrast to some previous studies (7, 13, 15) , but in agreement with others (4, 6, 19) , we found no effect of gonadal status, regardless of gender, on bone mass or BMD in acromegalic patients in this study. In general, the Z-scores were lower in hypogonadal patients and the lack of significance could be due to a type 2 error (n to small). The discrepancy that our female patients, not our male patients, had a decreased total BMD, while lower Z-scores of total BMD were observed in males compared with females, is probably due to a higher proportion of Norwegian middle-aged men than women are classified as osteoporotic and osteopenic (34) .
Indeed, this paper suggests that clinical evaluation of Norwegian patients based on Z-scores from the Lunar reference data should be conducted with caution. Thus, BMD is good for comparing patients and controls, while Z-scores may be more useful for comparing the effect of gonadal status between patients. Still, to our knowledge the present study is the second largest to date evaluating bone metabolism in active acromegaly. Importantly, although the cause of hypogonadism in these patients is not age-related, the hypogonadal group tended to be older substantiating the importance of adjusting for age in the multivariate analysis, since other age-related factors may determine bone mass. In fact, the significant association between gonadal status and BMD found in univariate testing disappeared in the multivariate analysis confirming the importance of age and gender. This does not exclude gonadal status as a determinant of bone mass in acromegalic subjects but further suggests that this association is complex and that age and sex are more dominant determinants in these patients, indicating that the same mechanisms regulating bone loss in the normal population are present in acromegalic patients. However, a recent study of postmenopausal acromegalic women demonstrated that in subjects with active disease, increased fracture frequency was observed regardless of BMD, however, dependent on disease activity (21) . Thus, the clinical relevance of decreased BMD in these subjects is questionable, whereas studying biomechanical properties may be of more relevance.
In conclusion, our study demonstrates a slightly decreased total body BMD in women, not men, with active acromegaly regardless of gonadal status or disease activity. Bone turnover is markedly increased in relation to disease activity, possibly counteracting the anabolic effects of excess GH/IGF-I in these subjects. We suggest more focus on biomechanical analyses when investigating endocrine disorders affecting bone size and distribution between compartments. 
